Evaluation of the responsiveness of elevated pulmonary vascular resistance in children by Doppler echocardiography  by Cooper, Michael J. et al.
470
PEDIATRIC CARDIOLOGY
Evaluation of the Responsiveness of Elevated Pulmonary Vascular
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San Francisco and Sacramento, California
Changes in the Doppler indexes, acceleration time (ACT),
right ventricular ejection time (RVET), AeTIRVET ratio
and pulmonary artery peak velocity were measured as were
changes in pulmonary artery pressure and pulmonary
vascular resistance in 21 children with pulmonary hyper-
tension due to a large intervectricular communication
. In
11 children pulmonary vascular resistance suns >4 .6 U/m'
(mean 8.6 t 1.6),
whereas in 10 it was <4 .5 Wm' (mean 3.4
± 0.2) . Although both groups demonstrated acceleration
time and AcT/RVET values above normal, there were no
significant differences in these values between the groups
with high and low pulmonary vascular resistance. With
administration of a pulmonary vasodilator pulmonary vas-
cular resistance decreased in 11 responders by >50% of
Children with a large interventricular communication are at
risk for the development of irreversible pulmonary vascular
disease due to the prolonged elevation of pulmonary artery
flow and pressure (I)
. Measurement of pulmonary artery
pressure and pulmonary vascular resistance in the course of
cardiac catheterization with the administration of a pulmo-
nary vasodilator provides a reliable mans for evaluating the
reactivity of the pulmonary vascular bed . Several studies (2-
5) have indicated that analysis of the Doppler-derived pul-
monary artery flow velocity profile might serve as a valuable
noninvasive means of evaluating puimonary artery pressure .
Our objectives were to compare the pulmonary artery
Doppler-derived indexes with simultaneously measured pul-
monary artery pressure and pulmonary vascular resistance
calculated at time of cardiac catheterization and to define the
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baseline values (from 5 .3 10.7 to 1 .6 ± 0.3 U/m'), whereas
in the 10 noreresponders mean pulmonary vascular rests .
tansy decreased from 7.0 t 1 .9 to 4.9 7 1 .1 (Nat'
. There
was no significant change in the Doppler indexes except for
an Increase in pulmonary artery peak velocity in the
responders from 1,34 ± 0.07 to 1 .66 ± 0.06 MIs (p <
0.001).
The results indicate that Doppler echocardiography
cannot predict either the level of increased pulmonary
vascular resistance or the degree of responsiveness suff .
ciently to obviate the need for cardiac catheterization in
patients with interventricular communication and pulutn
.
nary hypertension.
fJ Am Call
Cordial 1988;12:4700
value of these indexes for assessing the level and changes in
pulmonary artery pressure and vascular resistance in
chit,
dren with various degrees of pulmonary hypertension .
Methods
Study patients (Table 1) . Twenty-one children with an
interventricular communication and suspected pulmonary
hypertension were referred for cardiac catheterizalion . The
children ranged in age from 0 .2 to 17 .9 years (mean 2 .2 t
4 .3) . Thirteen children had a ventricular septa) defect and
eight had an atrioventricular septal defect (AV canal) .
Cardiac catheterization. All children underwent cardiac
catheterization with simultaneous Doppler echocardio-
graphic study before and after administration of tolazoline
hydrochloride and 100% inspired oxygen
. Cardiac catheter-
ization was performed after sedation with diphenhydramine
hydrochloride (I to 2 mg/kg) and chloral hydrate (60 mg/kg) .
Pressures were measured with fluid-filled catheters coupled
to P23Db Statham strain gauge transducers . Pulmonary and
systemic blood flows were measured by the Fick method
using measured oxygen consumption and oxygen content
derived from radiometer oxygen saturation . Ail pressure
recordings and oxygen saturation samplings were performed
0755-1097/81163 .50
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Table 1
. Clinical, Cardiac Cathetenzation and Simultaneous Doppler Echocardiographic Data Before and After Administration of
Tolazoline Hydrochloride and IM/ Oxygen iu 21 Patients
before and after administration of totazoline hyd-ochloride
(I mg/kg) in the resin pulmonary artery and 100% 3xgen by
hood for 5 min.
Pulsed Doppler technique. The Doppler echocardic-
graphic study was performed simultaneously with the phys-
iologic study in the cardiac cathelerization laboratory . We
analyzed the Doppler pulmonary artery velocity signal from
the parasternal window with the sample volume
in the main
pulmonary artery approximately
I cm distal to the pulmo-
nary valve. We recorded velocity traces at speeds of
50 or
100 mmls . Measurements were made before and after ad-
ministration of the pulmonary vasodilator using a Mark 600
ATL system with a 3,5 MHz transducer . Adequate tracings
for analysis were obtained in all subjects .
Analysis of data. Pulmonary artery Doppler measure-
ments were averaged from 10 cardiac cycles. We made the
following sets of measurements: peak signal velocity in
meters per second ; right ventricular ejection time (RVET)
measured in seconds from the onset of ejection to zero
flow
;
acceleration time (AcT) as the time interval in seconds from
the onset ofejection to peak flow velocity ; and the ratio AcTI
A = 0340
. B =
Solute ; AcT= alx0eralion lime ; ASD - :nrial
sepal
tiered: AVSD =+tri-wcmd
:uler septa( defect: Dx = diagnosis ; MPA = mean pulmonary
u'(vy' PA = pulmonary artery: PVR= pulmonur wncnl:r resiuance: RVET = nee, eenrricwlarejeedan time ; VSD= ventricular septeidefect,
RVET, which served as a heart rate independent index of
time to peak velocity.
To erahette which Doppler indexes might prove useful irr
separaring children with higher versus loiter pulmonary
vascutor resistance, we arbitrarily classified the 21 children
into two groups
: those whose baseline pulmonary vascular
resistance was 04 .6 U/m2 (n = 11)
or
54.5 U/m2
n
= 10).
We
compared the baseline Doppler indexes of
the two groups
using the 7 test for unpaired observations (Fig. 1), We also
evaluated changes in the Doppler-derived indexes, AcTI
RVET ratio and peak signal velocity
of
the
II children
whose pulmonary vascular resistance decreased by >50% of
baseline with administration of the pulmonary vasodilator
(whom we categorized as "responders") and in the 10 chil•
dren whose decrease in resistance was <50% (whom we
categorized as "nonresponders') . We used the paired
r
test to
compare the Doppler indexes of these two groups before and
other administration of the pulmonary vasodilator (Fig, 2).
Linear regression analysis
was
reformed
to compare the
relation between changes in the Doppler-derived indexes and
changes in pulmonary vascular resistance of the responders.
Patient Age
Cardiac Culhetenratien Cola
Doppler Echocardiogmpb:a Data
MPA
Presrare
loom
Hgl
PA Flow
(literslooin
per m=1 PVR IU,n) A0T(4 RVETIsI
AeT/RVET
MPA
Velocity
(m/s)
No.
Ds (p7 B A B A 0 A R A B
B A B A
I AVS0 17.0 94 84 4.3 1
.3 19.3 10.1 OS79 11.103 0.318 0.218 0.374 0,482 0.8 1.2
9SD 1.0 70 54 10.6 24.8 49
1 .2 01176 0.081 0.225 0.210 0.338 0,386
t .0
1 .4
AVSD ILO 65
62
3.4 4.8
17A 1I 0.119 0.128 0.336 0.348 0.354 0.368 0.8 0.9
VSD 0 .5 65 50 5.2
33
9 .4
I
01161 0.091 0.321 0.440
0.190
0
.198 1.1 1 .8
5 AVSD 0 .4 35
30
8 .3 6 3 .4 3 .6 0 .080 0 .071 0.300 0 .278
0.267 0 .255 1.3 1 .3
6 VSD 1 .2 71) 50
10
.8 17 .2
42 11 0.073 0 .085 0.263 0,274 0.278 0 .310 1 .7
2.0
7 AVSD 0 .5 45 38 0
14 .2 5.1 2 .4 0 .108 0.050 0 .226 0 .240 0 .210 0.206 1 .2 1 .4
5 VSD 0 .7 35
15
7
.1
7 .5
4 .1 I2 0 .17711 1,094 0 .301 0 .305 3,299 0 .308 1.4 1.5
9 VSD 0 .4 32 38
69
7,2
3 .9
4 .3
0
.095
4063 0.227 0 .252 0405 0 .58 1 .1 I.1
10 ASD, 0.7 47 37 73 14 .4 5 .1 19 0 .001
4 .163 0 .249
0
.250 0 .243 0.248 1 .3 1.7
II
VSD
VSD 0.3 40 411 8 6.3
33
4 .1 01160 a059 0.243 0
.244
0
.247
0.242
1 .8 1 .8
12 VSD 11.3 45 50 3,4 19.8 4.6 I 0.072 3.013 0.300 0.277
0,240 0.264 1.4 1 .4
13 VSD 0.7 40 40 10 11 .8 3 .1 1 .7 0.066 0.062 0.249 0
.260
0
.249 0.251 1.3 1 .3
1- VSD LO 40 35 11 .9 22.1 1 .9 0.5 0.089 0.113 D.295 0
.260
0
.302 0 .435 1 .4 1 .6
I5 AVSD 0.8 40 35 7.7 10.6 6.3 3.6 0.078 U.09
0,295
0
.276
0,264
0.324 2.0 2.5
36
VSD
3 .0 45 32 9.9 11 .9 29 1 .4 0.085 0.139 D.290 0.310 0.293 0.448
1 .3 1 .8
17 AVSD 0.7 511
47 141 142 29 75 3.009 0.165 0.237 0 309 0 .245 0 .311 1 .4
18 VSD 1
.0
49
40 7 12.1 6.3 2A 0.087 0.104 0.264 0.250 0.329 0 .41 1 .7 1 .9
19
AVSD 0.3 60 48
7
.5 6 .5 6 .4 5.5 0.1890 0 .069 0.237 0,Z'.0 0 .405 0.313 1 .2 1.2
20 AVSD 0 .2
40
25 6 .7
6
.3 43 27 0 .062 0 .059 0 .242 0 .179 0256 0.329 2 .0 2.0
21 AVSD 2
. . 50
38 4,9
9 .4
9 .8 36 1990 0 .067 0 .301 0301 0 .299 0'23 1 .2 1.7
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Results
Baseline measurements of high versus low pulmonary
vascular resistance. The clinical, cotheterization and Dop-
pler data of all 21
subjects are summarized in Table I .
Although the two groups (responders versus nonresponders
to a vasodilator) differed widely in mean baseline pulmonary
vascular resistance (8 .6 ± 1 .6 U/m'- and 3 .4 V 0 .2 U/m'- ,
respectively), no significant differences were noted in com-
paring the Doppler-derived indexes (Fig
. 1) . In comparison
with previously reported normal standards for acceleration
time (AcT), right ventricular ejection time (RVET) and AcTI
RVET (Table 2), the mean values of these indexes in both
respondergroups were abnormal, although paradoxically the
group with higher pulmonary vascular resistance had mean
values closer to Iha normal range . Mean baseline peak
Figure 2 . Lack of correlatiol. between Doppler-derived acceleration
time and rulmonary artery pressure measured at cardiac catheter-
ieotion in 21 patients .
0
e
I o.zee:0 .040
+e
o.zss:0 .071
+O 1 .4530 .2138
High PVR
° masem
+e 1
.245t0 .359
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Eleven 1, Graphic presentation of base.
live Dapple indexes in 71 children with
pulmonary vascular resistance >4.6 U/
m' (high PVR) and 10 with pulmonary
vascular resistance <4 .5 Ulm 2 (low
PVR). ACT = acceleration time
; RVET
= right ventricular ejection time.
velocity in the main pulmonary artery did not differ signifi-
cantly between the two groups and was elevated over
reported normal values in both because of the increased
pulmonary flow present in most cases . Figure 2 demon-
strates the lack, of correlation between Doppler-derived
acceleration tine in the pulmonary artery and pulmonary
pressure measured at cardiac catheterization .
Nonresponsive versus responsive elevated pulmonary vas-
cular resistance (Fig . 3) . Ten of the children whose pulmo-
hary vascular resistance declined by <50% of control mea-
surements in response to the pulmonary vasodilator (the
nonresponders) showed no significant change in any Dop-
pler-derived index . 'The I I responders showed a significant
increase in the mean peak signal velocity (p < 0
.001) and no
significant changes in AcT/RVET . Regression analysis relat-
ing change in pulmonary vascular resistance of the respond-
ers to change in the peak velocity did not, however, yield
any significant correlation .
•
g
Discussion
Children with a large interventricutor communication are
at risk for developing irreversible pulmonary vascular dis-
ease due to prolonged exposure of the pulmonary vascular
bed to increased pressure and flow
. Optimal medical and
surgical management of these children may require serial
cardiac catheterizations with the administration of a pulmo-
nary vasodilator to evaluate the reversibility of elevated
pulmonary vascular resistance . Despite the numerous re-
ports of noninvasive indicators of pulmonary hypertension,
JACC Vat. 12 . No .2
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Table 2. Previously Reported Normal Pulmonary Artery Doppler Variables
AcT = acceleration lime ; n = number or subisets; RV ET = right remncular ejection time .
a clinically relevant noninvasive method of evaluating the
severity of pulmonary artery pressure and pulmonary vas-
cular resistance has not been established .
Noninvasive estimation of pulmonary hypertension. Bur-
stin (6) dsed external graphic recordings to measure right
ventricular isovolumic relaxation time from pulmonary valve
closure to tricuspid valve opening. Burstin constructed a
nomogram based on this measurement and heart rate with
which pulmonary artery systolic pressure could be pre-
dicted . Stevenson et al . (7) measured this same interval using
M mode echocardiography in 95 infants and children and
documented good correlation between predicted and mea-
sured peak pulmonary artery pressure
. Hatle et al . (8) used
Doppler echocardiography to measure right ventricular iso-
Figure 3. Doppler indexes before and after administration of a
pulmonary vasedilalor to patients whose pulmonary vascular resis-
tance declined by >50% or <50% of baseline value (responders and
nonresponders,respectively). Abbreviations as in Figure I .
baton
	
arm wrote alter
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volumic relaxation time and found goad correlation with
invasive measurements . The accuracy of the method is,
however, decreased in the presence of elevated right atrial
pressure, right ventricular hypertrophy, tricuspid regurgita-
tion or a heals rate > 140 beats/min . Furthermore, the data
suggest that the confidence intervals would have to be large,
encompassing a wide range of pressures .
M trade erhorardiograph/c assessments of right ventric-
ular systolic rime intervals have yielded variable results
(7 .9,10) and are generally regarded as insufficiently accurate
to predict pulmonary artery pressures . The method is further
complicated by difficulty in recording a definite point of
pulmonary valve opening and the limitation of its use in the
face of any right ventricular conduction delay .
Doppler analysis of the pulmonary artery velocity profile
.
A number of studies (2-5) have suggested a statistical
relation among pulmonary artery pressure and a variety of
indexes: acceleration time (ACT'), acceleration time cor-
rected for heart late and the ratio acceleration time/right
ventricular ejection time (AcTIRVET)
. The present study
was undertaken to evaluate these Doppler-derived indexes
in children with various degrees of pulmonary hypertension
and to evaluate changes in these indexes in relation to
simultanemrsly measured changes in pulmonary artery pres-
sure and resistance during cardiac catheterization . Our re-
sults do not support the existence of any firm correlation ;
these indexes did not reflect pulmonary vascular resistance
reliably enough to avoid cardiac catheterization . We evalu-
ated acceleration time and the ratio AcT/RVET and neither
differed significantly between children with high and low
pulmonary vascular resistance . Friedman et al . (ID mea-
sured acceleration time, right ventricular ejection time and
AcT/RVET in children with idiopathic pulmonary vascular
disease within 9 months of cardiac catheterization
. Although
all of these children had a markedly elevated pulmonary
artery pressure and pulmonary vascular resistance, when
compared with a normal control group, no significant differ
ease in the mean AcTIRVET rtio was noted . Although
there were significant differences between the two groups in
mean acceleration time and right ventricular ejection time,
there was considerable overlap between groups . A single
determination of acceleration time or ejection time viewed in
the context of the study by Friedman et al . (11), the data of
Author n Acris)
RVETIs) AtrIRVET
Kilabtake et al. (2) 16 0.137 ± 0.024 0.307 ± 0.038 0 .45 ± Us
Kostomki, et al. (3) 15 0.15 ± 11.03 0 .743 ± 5.042 0.438 ^_ 0.05
Martin-Damn el al . (4) 20 0.143 ±0.03 0.44 ± 0A1
Fried man et al . (111 20 0 .135!0.012 0 .718*--0.018 0.4 ± 0.03
Wilson et al . (19) I I0 0 .121 `- 0 .027
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others (2,3)
or our own would seem of very limited value in
accurately predicting the presence or absence of elevated
pulmonary vascular resistance.
Variability in Doppler indexes attributable to differences in
pulmonary artery Doppler sampling site. Panidis et al. (12)
demonstrated marked differences in the pulmonary artery
Doppler flow profile with disparate acceleration time, ejec-
tion time and peak velocity measurements in each of four
different sampling sites ; distal right ventricular outflow tract,
proximal central man pulmonary artery, distal central main
pulmonary artery and distal side of main pulmonary artery .
Gardin et al . (13) sampled Doppler flow profiles using a
model of the pulmonary artery and found the optimal loca-
tion for sampling flow to be in the central portion of the
artery within 2 cm of the pulmonary valve . This is the area of
sampling that we and others (11,14) used, though some
report placing the sample volume in the distal right ventric-
ular outflow tract (2,4), the distal main pulmonary artery (3)
or in various positions to obtain maximal velocities and
avoid valve clicks (5) .
Previous studies evaluating changes in pulmonary artery
Doppler indexes with changes in pulmonary artery pressure
and flow . Gutgesell et al . (15) altered heart rate, pulmonary
blood flow and pulmonary artery pressure in 15 open chest
dogs with simultaneous recording of main pulmonary artery
Doppler flow patterns
. Although alterations in heart rate
effected changes in acceleration time, ejection time and AcTI
RVET, these Doppler indexes were relatively insensitive to
moderate increases in pulmonary artery pressure and blood
flow. Ritter et al . (16) evaluated six infants during cardiac
catheterization and recorded pulmonary artery flow, pres-
sure and resistance along with proximal main pulmonary
artery Doppler indexes before and after administration of
100% oxygen. Whereas the mean pulmonary vascular resis-
tance decreased significantly, no significant change in the
mean AcT/RVET ratio was noted . Significant changes in
acceleration and deceleration slopes were noted and these
changes deserve further study .
Changes in pulmonary artery peak velocity
. We noted a
small but significant increase in mean pulmonary artery peak
velocity in those with responsive pulmonary hypertension
with administration of a pulmonary vasodilator (1 .34 ± 0.07
to 1 .66 ± 0.06 rats, p < 0 .001). Similar findings were recently
reported by Tomita et al . (17),
who evaluated pulmonary
artery peak velocity with the Doppler technique within a few
days of cardiac calheterizatiun . The mean velocity in the 47
children studied increased with the administration of a
pulmonary vasodilator from 1 .23 to 1 .55 m/s though no
indication of the statistical significance of this change was
cited. Three of their patients were reported as having pul-
monary obstructive disease with grade III or IV Heath-
Edwards changes, and peak velocity in these patients after
administration of a pulmonary vasodilator remained < I m/s .
On the basis of these findings, the authors speculate that one
JACC Vet. 12, Ne .2
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may presume that pulmonary hypertension is irreversible in
a patient whose peak velocity remains < I m/s after pulmo-
nary vasodilation. Our findings do not support their assump-
tion ; the only patient in our series who underwent lung
biopsy (Case 1) was found to have grade IV pulmonary
vascular disease ; in this patient, peak pulmonary velocity
increased from 0 .8 to 1 .24 m/s after vasodilation .
Serial changes in pulmonary artery peak flow velocity
with the administration of a pulmonary vasodilator may
indicate the presence or absence of pulmonary vascular
responsiveness . Measurement of this index offers several
advantages over that of other Doppler derived indexes ; it is
independent of heart rate (18) and is a single, and usually
unambiguous value that is easily recorded.
Clinical implications . The pulmonary artery Doppler ve-
locity signal represents an interaction of several physiologic
variables including heart rate, vascular compliance, vascular
resistance, pulmonary blood flow, reflected waves and myo-
cardial contractility. Altering any one of these factors or a
number of them to various degrees will affect the pulmonary
artery flow profile and seems to confound attempts to
provide a single reliable Doppler indicator of pulmonary
hypertension . Our results do not indicate that Doppler
determination of peak pulmonary artery flow velocity obvi-
ates the need for cardiac catheterization in children at risk
for the development of pulmonary vascular disease. Once
pulmonary artery pressures and resistance have been mea-
sured and calibrated with Doppler measurements, subse-
quent Doppler echocardiographic reevaluation with the ad-
ministration of a pulmonary vasodilator may offer an
important noninvasive means to assist in the timely planning
of surgical intervention.
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